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A.  INTRODUCTION 


Over  the  past  10-20  years  the  possible  role  of  cyclic  nucleotides  in  biological 
function  has  received  considerable  attention.  It  is  now  believed  that  cyclic 
nucleotides  act  as  a  "second  messenger"  in  the  actions  of  a  variety  of  hormones. 
Since  a  physiological  response  could  result  from  the  disruption  of  any  one  of  a 
chain  of  events,  the  possible  role  of  cyclic  nucleotides  in  the  actions  of  ethanol 
both  after  acute  and  chronic  administration  have  been  explored.1"  It  will  be  the 
purpose  of  this  review  to  collate  and  analyze  the  existing  data  on  ethanol-cyclic- 
nucleotide  interactions  and  to  determine  if  these  effects  could  be  responsible  for 
some  of  the  actions  of  ethanol. 

In  order  to  gain  perspective  it  will  be  necessary  to  summarize  the  present 
theories  on  the  role  of  cyclic  nucleotides  in  biological  function  and  how  they 
accomplish  their  actions.  Many  excellent  reviews12""  have  been  written  exhaus¬ 
tively  detailing  what  has  been  reported  on  cyclic  nucleotides.  Hence,  our  pur¬ 
pose  here  will  be  only  to  present  basic  concepts  in  order  to  help  understand  the 
potential  relevance  of  the  actions  of  ethanol  on  this  system. 


B.  ETHANOL  AND  CYCLIC  NUCLEOTIDES  IN  THE  NERVOUS  SYSTEM 

1.  General  Aspects  of  Cyclic  Nucleotide  Function 

Evidence  to  date  supports  a  role  of  cyclic  nucleotides  in  synaptic  transmis¬ 
sion.  Cyclic  nucleotides  have  been  implicated  in  the  actions  of  a  number  of 
neurotransmitters,  including  norepinephrine,  dopamine,  serotonin,  acetylcho- 
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line.  tiAHA.  aiul  y:liit.tm.i(c  Adenosine  V.5'cyclic  monophosphate  (cyclic 
AMP)  appeals  to  he  related  to  the  effects  of  norepinephrine.'’'  dopamine.'*"' 
and  serotonin.'""  while  guanosinc  l  ,V -cyclic  monophosphate  (cyclic  liMP)  is 
related  to  the  effects  of  acetylcholine. liAHA.'1'1'  and  glutamate.""' 

I  he  current  belief  concerning  the  possible  role  of  cy  clic  nucleotides  in 
synaptic  transmission  involves  the  initial  stimulation  of  a  receptor  by  the  nemo 
li.insnuttei  substance.  In  the  case  of  biogenic  amines,  interaction  with  then 
receptors  involves  adenylate  cyclase  which  converts  ATP  to  cyclic  AMP.'1’’ 
while  acetylcholine.  tiAHA.  and  glutamate  act  through  guanylatc  cyclase,  which 
converts  ti  IP  to  cyclic  liMP.""’  When  these  enzymes  are  stimulated,  an  accu 
mul.ition  of  the  corresponding  cyclic  nucleotide  occurs.  This  elevated  cyclic 
nucleotide  level  increases  the  activ  ity  of  cyclic  nucleotide-dependent  protein  hi 
liases,  which  appeal  to  be  separate  entities,  one  specific  for  cyclic  AMP  and  one 
for  cyclic  liMP.1"1  These  protein  kinases  catalyze  the  phosphorylation  of  pro 
terns  located  m  synaptosomal  membranes.-"-"  and  this  process  is  believed  to 
altet  the  permeability  of  the  membrane  to  ions,  which  in  turn  changes  the  resting 
membrane  potential 

The  most  detailed  account  of  the  interaction  of  neuroiraiisniiilers  and  cyclic 
nucleotides  and  the  concomitant  changes  in  the  membrane  potential  has  been 
with  the  superior  cervical  ganglion  I  valence  accumulated  here  has  been  easier 
to  interpret  because  of  its  relatively  simple  structural  organization  when  com 
pared  to  the  brain.  It  now  appears  that  dopamine  is  released  from  inlet neurons  in 
the  ganglion  and  stimulates  the  formation  of  cy  clic  \MP  postsy  naptically  " 
These  events  coincide  with  the  development  of  the  slow  inhibitory  postsynaptic 
potential.1-'" Oil  the  othei  hand,  acetylcholine  released  from  preganglionic  libers 
stimulates  the  formation  of  cyclic  liMP  postsv  napticaily  "  and  may  be  related  to 
the  slow  excitatory  postsynaptic  potential.11'*'  This  effect  seems  to  be  mediated 
through  muscarinic  receptors,  since  it  can  be  blocked  b\  muscarinic  antagonists 
but  not  In  nicotinic  antagonists.'-'" 

Most  of  the  research  on  the  effect  of  ethanol  on  cyclic  nucleotides  has  been 
on  cyclic  AMP  and  related  sv  stems  in  brain  tissue.  Measurements  of  brain  cyclic 
AMP  are  very  tricky  especially  in  the  cerebellum  because  of  a  rapid  postmortem 
accumulation  of  this  nucleotide.'-'"  Consequently,  rapid  inactivation  of  brain 
enzymes  is  very  important.  To  accomplish  this,  high  intensity  microwave  itra 
diation  has  been  used  Initially  .  a  conventional  microwave  oven  was  tried."'1  but 
it  required  20  sec  to  inactivate  adenylate  cyclase  and  phosphodiesterase .  More 
recently  a  microwave  oven  was  developed  w  hich  focuses  the  beam  on  the  head 
of  an  animal.'-"’  With  this  modification  the  enzymes  are  inactivated  in  2  sec. 

2.  Kffeels  of  Klhunol  on  Cyclic  AMI’ 

a.  Acute  Treatment 


In  an  early  studv  Volicer  and  Hold'4"’  reported,  using  conventional  micro- 
wave  irradiation  for  4'  see.  that  a  single  I  to  b-g  ethanol  kg  dose,  given  orally  . 
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depressed  cyclic  AMP  levels  up  to  6 (Y <  in  whole  brain  of  rats  in  a  dose-depen- 
dent  manner.  This  response  was  predominantly  in  the  cerebellum.  Orenberg  el 
iil.'  u"  examined  cyclic  AMP  levels  in  several  areas  of  the  mouse  brain  after  9  sec 
of  conventional  microwave  irradiation.  In  the  cerebral  cortex,  cyclic  AMP  levels 
were  depressed  up  to  bV/r  1  hr  after  treatment  by  0.4-  to  3.2-g-ethanol/kg  doses, 
given  intraperitoneally.  However,  under  similar  conditions,  subcortical  and  cer¬ 
ebellar  levels  were  significantly  elevated  by  60  and  1 709f .  respectively.  10  min 
after  treatment.  When  mice  were  killed  by  immersion  in  liquid  nitrogen,  ethanol 
had  no  effect  on  cyclic  AMP  levels  in  the  cerebral  hemispheres.'3"  Recently, 
using  a  9-sec  exposure  of  focused  microwave  irradiation.  Volicer  and  Hurter132’ 
found  a  dose-dependent  reduction  in  cyclic  AMP  levels  after  1-6  g  ethanol/kg, 
given  orally,  in  the  cerebral  cortex,  cerebellum,  and  brain  stem  of  the  rat  1  hr 
after  treatment.  On  the  other  hand.  Redos  el  al.,x 11  were  unable  to  demonstrate 
any  alteration  in  cyclic  AMP  levels  in  any  area  of  the  brain  2  hr  after  treatment 
with  a  6-g-ethanol/kg  oral  dose  and  using  3.5  sec  of  focused  microwave 
irradiation. 

The  preceding  discussion  illustrates  the  uncertainty  of  the  effect  of  single 
doses  of  ethanol  on  cyclic  AMP  levels  in  the  brain.  The  source  of  these 
ambiguities  is  not  clear  but  may  be  related  to  methodological  considerations.  A 
summary  of  some  of  the  data  can  be  found  in  Table  I.  As  pointed  out  earlier, 
rapid  inactivation  of  the  synthetic  and  degradative  enzymes  for  cyclic  AMP  is 
very  important  to  minimize  its  postmortem  accumulation  in  the  brain  and  to 
reflect  more  closely  the  actual  levels  in  vivo.  In  the  studies  to  date,  exposure 
durations  vary  from  3.5  to  9.0  sec  for  focused  microwave  irradiation  and  9  to  45 
sec  using  conventional  microwave  ovens.  Although  the  enzymes  can  be  inacti¬ 
vated  fairly  quickly,  it  is  unclear  whether  the  existing  technology  does  it  fast 
enough,  especially  in  the  cerebellum,  where  postmortem  accumulation  is  most 
pronounced.  -7  Also,  ethanol  inhibits  this  accumulation  in  rats'2,1"  and  could 
induce  artifacts  by  making  it  appear  that  ethanol-depleted  cyclic  AMP.  when  in 


Table  I.  Kffect  of  a  Single  Dose  of  Kthanol  on  C  yclic  AMP  Levels  in  Brain 


Dost* 

Time 

after 

treatment 

Mode 

of 

killing " 

Cyclic  AMP 

Reference 

Control 

Treated 

Cere  helium 

4  g  kg.  po 

3  hr 

CMI 

22'' 

1.5 

29 

4  Rkg.  p» 

1  hr 

FMl 

1.4" 

0.7 

32 

6  gkg.  po 

2  hr 

FMl 

3.4' 

3.2 

33 

3-2  gkg.  ip 

10  min 

CMI 

0.6" 

1.5 

30 

Cerebral  cortex 

4  g  kg,  po 

3  hr 

CMI 

8.0" 

7.0 

29 

4  gkg.  po 

1  hr 

FMl 

1.4" 

0.9 

32 

6  g/kg.  po 

2  hr 

FMl 

7.2'' 

7.2 

33 

3.2  g/kg.  ip 

10  min 

CMI 

1.4" 

1.0 

30 

4  gkg.  ip 

1.5  hr 

ILN 

0.7" 

0.7 

31 

"CMI.  conventional  microwave  irradiation.  FMl.  focused  microwave  irradiation;  ll.N .  immersion  in  liquid  nitrogen. 
"Values  expressed  as  pmole'mg  tissue. 

Values  expressed  as  pmole  mg  protein. 
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lad  it  might  i>nl\  have  blocked  the  postmortem  accumulation  that  could  take 
place  w ithm  the  lust  tew  seconds  alter  death  In  furthei  support  of  this  possibility 
is  the  report  of  Jones  anil  Stavinoha' 1,1  that  .1  significant  elevation  of  cvclic  AMI’ 
can  occur  in  the  bruin  uiulei  these  envumstances  Kiev  compared  the  cvclic 
AMI’  levels  in  v  arious  parts  of  the  brain  of  mice  exposed  either  to  4  sec  of  I  A 
k\\  01  (l  t  sec  of  P  k\V  of  focused  microwave  radiation.  In  all  cases  the  cvclic 
AMI’  levels  were  highei  with  the  lower  intensitv.  longer  duration  irradiation  In 
the  cerebellum,  for  example,  the  values  increased  bv  HKV  , 

Most  of  the  studies  using  microw  ave  11  radiation  expose  the  brain  lougei  than 
is  necessaiv  to  inactivate  enzymes.  I  he  potential  problems  of  overexposure  have 
not  been  explored  I  01  example,  does  prolonged  high  heal  decompose  cvclic 
AMP1  IVies  the  progressive  cellulai  damage  induced  bv  continued  exposure 
altei  the  distribution  of  cvclic  AMP  in  a  manner  that  might  lilt imalelx  affect  its 
quantitation  '  Or  does  interaction  of  ethanol  and  othei  dings  with  the  brain  allot 
the  dvuanucs  of  inactivation  ’ 

Different  responses  in  cvclic  AMP  levels  have  been  obtained  in  different 
areas  of  the  brain  altei  ethanol  treatment  and  are  a  function  of  the  dose  and  tune 
altei  exposure.  Most  studies  do  not  te|x>it  blood  ethanol  concentiations.  making 
anv  meaningful  comparisons  between  studies  difficult 

In  summai  v .  in  order  to  determine  w  hat  single  doses  of  ethanol  do  to  cvclic 
AMP  levels  in  the  brain,  it  is  neeessai  v  to  emplov  methods  of  killing  animals  that 
aie  well  understood  and  standardized.  T  xperiments  need  to  lx-  earned  out 
carefully  providing  complete  dose  response  and  time  course  relationships 
accompanied  bv  blood  ethanol  concentrations.  finally.  the  possibility  of  species 
differences  should  not  lx-  ignored 

h.  Chronic  Treatment 

Chtonic  treatment  with  ethanol  has  produced  results  on  cvclic  AMP  levels 
and  related  sv  stems  that  are  less  controv  ersial.  If  animals  are  treated  for  at  least  S 
days,  cerebral  cyclic  AMP  is  elevated  70* <  A""11'  However,  after  only  4  days  of 
treatment,  no  increases  in  cyclic  .AM Pare  observed.'1"  These  increases  in  cy  clic 
AMPappeai  to  lx  related  to  an  elevation  in  adeny  late  cyclase  activity  Kuriyama 
and  Israel""  found  that  at  a  time  when  cyclic  AMP  levels  were  elevated,  there 
was  also  an  increase  in  adenylate  cyclase  activity.  Neither  response  was 
observed  aftei  a  single  dose  of  ethanol.  Also,  phosphodiesterase  activity  was 
unaffected  aftei  either  treatment.'"' 

More  interesting  and  possiblv  more  functionally  important  findings  ate  the 
studies  determining  the  sensitivity  of  the  cyclic  AMP  system  to  neurotransnnt 
teis  hvsent  evidence  is  quite  compelling  that  chronic  administration  of  ethanol 
alters  the  sensitivity  of  cvclic  AMP  generating  sy  stems  to  norepinephrine  An 
early  study  demonstrated  that  treatment  with  ethanol  lot  14  days  dec  teased  the 
sensitivity  of  this  system  to  norepinephrine.'1"  Trench  and  co  workers  have  sub 
sequentlv  reported  some  very  interesting  results  on  changes  of  sensitivity  of 
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exelie  \\U’  aeeumulation  10  neumtrnnsniitteis  in  i.its  .if'toi  l»<  weeks  ol  eih.mol 
ne.timeni  1  he  ivsulls  x'bseixeil  ileivinloil  on  the  lime  .illei  uiltuli.iw.il  the  me.i 
Miivmenis  weie  m.ule  In  eintieal  slues  ohl.nneil  horn  .ininuls  willuh.iwn  foi  ' 
In.  the  senxilixiix  ol  ihe  exelie  AMI'  gonoiatmg  sxsiein  in  inuepinophi  me  w.is 
ilepivssoil.  wnh  the  Jose  tespoitse  euue  shilling  4  *  fx'lxl  U'  Ihe  light  1  his 
ilex  elopme  lit  ol  tunaxhenergie  suhsensitix  nx  eonhl  Iv  explained  b\  h\  |\-iaelixil\ 
ol  in'i.ulienergie  nei\e  teinuu.ils  "  Hi'xxexei.  it  xx.is  not  established  whelhei 
.i  single  Jose  x't  ethanol  might  puuhue  Ihe  same  tvsnll  on  exelie  \Ml’  aeenmu 
lalion  I  hive  Jaxs  allei  wiihJiawal.  a  lime  exuivspotuhug  U>  the  Jexelopmeni  ol 
Jelnium  tremens.  1  the  oppxisito  i espouse  was  ohseixeJ  I  he  sensitiviH  ol  the 
exelie  AMI’ geneiuting  sxsiem  i>>  noi epinephrine  meivaseJ  '  4  fold In 
.uKhluxn.  the  sensiuxiix  to  histamine  anj  ■'111  xx.is  also  enhanced  Ihe 
ivsponse  lo  '  HI  might  ivsuli  1'ioin  a  elnoiiie  ilcpivssum  >>1  seioioneigie 
tune  turn  “ 

I  he  signilieanee  i'l  alter.ilions  m  the  sensiuxiix  ol  the  exelie  AMI’  general 
mg  sxstem  lo  speeitie  aspects  ol  aleolu'hsm  has  noi  been  ilemonstraied  \i  ihe 
least  thex  ivtleet  ehanges  mJneeJ  In  long  term  eonsninpiion  ol  ethanol  li  is  not 
eleai  w  liethei  I  hex  aiv  ivlateJ  lo  the  Jexelopmenl  ol  phx  steal  de  penitence.  x\  hie  h 
xx.is  minimal  xxuh  ihe  meiluuls  used.'"' x't  whelhei  thex  aiv  expressions  of  sxmie 
in>ns|veilie  neural  lovieilx  I  he  w  hole  xgiestion  of  aJaptixe  uxcetx.uuxms  hasex'n 
siJerable  signilieanee  loi  explaining  loleranee  aiul  phxsieal  impendence  II 
eih.mol  tivalmeni  uuluees  allei. iiions  m  neiiix'iiansmiiiei  lime  I  ion  (see  I'hapiei 
1 1 >  ehrome  ehanges  ean  le.ul  lo  compeiisnlxvrx  ehanges  m  olhei  parameters  in  an 
attempt  lo  maintain  homeostasis  I  he  role  ol  exelie  nueleotiJex  m  aJaptixe  pio 
eesses  has  leceixoil  eonsijerahle  aiieniion  ami  has  been  eoneiseh  ivxiexxeil 
leeenilx  In  Ihsmukes  aiul  I >al\  "  because  of  the  poienii.il  impxutanee  of  these 
tinJings.  a  is  imix'ratixe  that  the  stiuhes  of  I  ivneh  aiul  ex'  xxoikers  lx-  iv|v.uexl 
using  an  animal  iinxlel  that  lakes  x'nlx  a  lew  dax  s  tin  iiulneing  phxsieal  Jeixui 
xlenee  In  this  wax.  inwis|xvilte  neural  U'xieiix  ean  he  iliseounlexl.  aiul  ihe  ivla 
inmship  Ivixxeen  ueuix'lransmiliei  sensitixitx  anJ  oxen.  spontancinis  xxnh 
Jiaxxal  signs  xx  ill  he  a  itune  ci'iix  incing  |x>ssihihix 

Adaptive  ehanges  ean  lake  plaee  not  inilx  m  the  sensiiixiix  xif  iveephux  U' 
neini'ii.msmitteis.  hut  possihlx  also  xxiili  alteralunis  m  the  aelixux  x't'  the  iveep 
lx>i  li'i  x  x elu  AMI’.  ihe  exelie  \MI’  xlepoiulonl  protein  kinase  \s  menluniesl 
eaihei.  this  cn/xnie  ealalx/es  ihe  pluisphx'i  x  lalix'ii  x't  pix'lem  in  sx  n. iplosom.il 
memhranes  Keeenilx  Kiuixama  <  t  , i/.'1"  iv|xuieil  a  siiulx  in  xxhieh  thex  mea 
'iiivJ  exelie  AMI'  x)e|X'iu)eni  pioiem  kinase  aetixitx  in  mouse  eeivhr.il  eiuiex 
artei  aenie  aiul  ehnuue  .ulmmisiration  x'f  eih.uu'l  I  hex  Ibuiul  that  atiei  uval 
ment  tx'i  weeks,  sx napixisi'inal  cn/xmalie  aelixiix  xx.is  elexaieJ  fourfold  hut 
leiiunesi  U'  ex'iili  v'l  lex  els  '  Jax  s  atiei  xx  illuli  axx  a!  No  alteration  in  pix'lem  kinase 
aelixiix  xx.is  ohseixeJ  atlei  a  single  xlx'se  of  ethanol  One  pix'hlem  xxilh  this  xxiuk 
is  that  li  e  eoiuhtix'iis  tuulei  xxhieh  ihe  .Animals  wen1  killexl  atiei  elmuiie  elhanol 
tivalmeni  xxeiv  iu'i  JelineJ.  aiul  the  appearance  of  possible  withdrawal  signs  xx.is 
not  iv|xnuul  I  Inis,  it  is  Jirtieult  to  xleiernune  whelhei  this  alleratum  is  ix'lateJ  to 
the  itexelopmeni  x't  phxsieal  Jeiviulenee  It  apiv.us.  hoxxexer.  that  the  elevation 
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in  exelie  AMI’  dependent  protein  kinase  activilv  might  be  a  conset|uence  of  the 
me  teased  .k  to  its  *il  adenx  late  cxclase  anil  exelie  AMP  levelx'11’  aikt  not  tii  an 
adaptive  change  in  ihe  sensin' u\  of  proiein  kinase  to  exelie  AMI’  analogous  to 
norepinephrine  iikluceil  excite  AMI’  aceiumil.ilion 


-*■  K  fleets  of  Klhauol  on  t'xelie  (iMI1 

Ihe  possible  role  ol  exelie  t  ■  M  I’  in  the  aelions  of  ethanol  has  been  lecenlh 
reported  Kcdos  ,i  ,il  "  found  that  ethanol  depletes  ceiebellai  e'elie  tiMP  in 
the  rat  in  a  dose -dependent  nuinnci  I  he  maximum  effect  "as  obserxed  I  hi  aftei 
oral  administration  of  Pg  ethanol  kg.  "Inch  tesulted  in  a  loss  of  **v  .  of  the  excite 
liMI’  In  addition,  the  degree  of  depletion  "as  dircctlx  propoitu'nal  to  the  bhkkl 
ethanol  concentration  "ith  control  values  obtained  "hen  ethanol  had  been  elmi 
mated.  Sunilai  results  were  found  bx  Yolicer  and  Hurler.'  Ii‘ 

Studies  of  the  etfects  of  ethanol  on  exelie  UMP  have  been  expanded  to 
include  measurements  m  other  areas  of  the  brain  and  aftei  both  acute  and  chiomc 
administration  Sample  ivsults  can  be  found  in  l  able  II  Single  doses  of  ethanol 
"eie  loiind  ti>  deplete  exelie  liMP  in  the  cerebral  cortex,  caudate  nucleus  and 
thalamus  as  "ell  as  in  the  cerebellum  i;  1  In  ehronteallx  treated  tats  lendeied 
ethanol  dependent,  smulai  lesiilts  were  observed  if  the  animals  were  still  mtoxi 
cated  However,  in  the  cerelx'llum  and  the  brain  stem,  tolerance  develops  to  the 
e fleet  ot  ethanol  on  exelie  liMI’  levels"  cortvsponding  lev  the  development  of 
behavioral  tolerance  under  sunilai  experimental  conditions."*'  W  hen  acutelv  and 
ehronieallx  treated  animals  are  compared  at  sunilai  blood  ethanol  eoneentra 
hons.  exelie  liMI'  levels  were  signitic.intlv  higher  in  the  ehronteallx  treated 
animals.  It  excite  CiMP  levels  are  depressed  foi  a  hnig  period,  one  might  expect 
to  see  an  overshoot  aftei  the  elimination  of  ethanol  I  Ins  was  not  observed  aftei  4 
daxs  lit  treatment,  t'vclic  UMP  levels  in  all  areas  of  the  brain  studied  were  at 
control  levels  during  the  ethanol  withdrawal  svndrome  ‘  When  treatment  was 
extended  to  8  dav  s.  a  sigmticanl  elevation  of cerelvll.it  excite  UMP  was  found  ' 
However,  since  withdrawal  signs  develop  with  both  tieatment  regimens,  eleva 
tion  ot  ceiebell.ii  exelie  UMPIn  itself  does  not  appeal  to  Iv  a  pretei|insite  foi  the 
expression  of  an  ethanol  w  ithdiavval  sxndrome 
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The  mechanism  h\  which  ethanol  depletes  c\clic  CMP  is  unknown  \n 
attempt  to  show  a  direct  effect  of  ethanol  in  conccntiations  up  to  200  mM  on 
guanv late  cyclase  or  cvcltc  CMP  phosphvxliesterase  activitv  in  \itr><  was  not 
successful."'  However,  the  assays  were  performed  uiulei  optimal  enzymatic 
conditions  which  do  not  necessarily  reflect  what  occuis  m  rno  lot  example, 
calcium  max  regulate  the  activitv  of  gunny  late  cyclase.  and  changes  in  the 
actions  of  calcium  might  depress  the  svnthesis  of  cxclic  CiMI’  ""  M  I  thanol  has 
been  shown  to  induce  several  alterations  m  calcium  that  might  restrict  the 
intracellular  concentration  of  calcium  and  suppress  guanvlale  cvclase  activitv 
I  thanol  can  block  the  inward  calcium  currents  in  \/>/v»i(i  neuron'.''’"  enhance 
calcium  binding  to  erv  throe v  te  ghost  membranes.'"  and  reduce  burnt  calcium  '* 
Although  all  these  studies  mav  not  be  relevant  to  an  effect  on  guanvlale  cvclase 
m  burnt,  they  do  indicate  a  need  for  more  direct  experiments  into  the  possible 
role  of  calcium  in  the  actions  of  ethanol 

Alterations  in  neurotransmitter  activitv  might  lx-  involved  in  the  ethanol 
induced  depletion  of  cxclic  CiMI*.  As  indicated  eailier.  cxclic  (iMP  appears  to  ho 
related  tv’  the  actions  of  acetv  Icholme.  C  AHA.  and  glutamate  I  thanol  has  been 
demonstrated  to  inhibit  cortical  and  reticul.u  acetv  Icholme  release  in  m  o'"  and 
depresses  cerebellar  glutamate  levels.  '"  Whethei  these  changes  could  explain, 
at  least  in  part,  the  depletion  of  cvclic  CMP  has  vet  to  be  determined 

Alterations  m  systems  involving  cyclic  CiMI*  could  K*  involved  in  the 
expression  of  an  ethanol  withdrawal  syndrome.  Collier  <7  ill  have  studied  the 
effect  ot  agents  which  have  actions  related  to  cyclic  nucleotides  on  ethanol 
withdrawal  head  twitches  in  mice  t  hey  found  that  dibutyryl  cyclic  CiMI’  and 
CilP.  compounds  which  elevate  brain  cyclic  (IMP.  increase  the  incidence  of 
head  twitches  over  twofold,  while  dibutyryl  cyclic  AMP.  Al  l’,  and  prostaglan 
dms.  compounds  which  elevate  brain  cyclic  AMP.  antagonize  head  twitches 
these  tesults  support  the  view  that  an  alteration  in  the  balance  of  cyclic  CMP 
and  cxclic  AMP  m  favor  of  the  former  might  play  a  role  in  the  expression  of  the 
withdrawal  syndrome.  I  urther.  there  is  a  parallel  between  harmaline-  and  with 
draw al  induced  tremors.  Harmaline  affects  the  cerebellum  In  stimulating  the 
excitatory  climbing  fibers  that  synapse  on  the  lAirkinje  cells'"1  in  a  manner 
resembling  activation  of  climbing  fibers. ,v*'  I  he  tremor  induced  In  harmaline  is 
accompanied  In  an  elevation  in  cerebellar  cyclic  CMP  and  can  be  blocked  In 

pi  lot  administration  of  benzodiazepines .  These  drugs  have  been  used  to  treat 

the  ethanol  withdrawal  syndrome  in  mail.""' Consequently,  futuiv  research  is 
warranted  to  trv  to  find  a  possible  role  of  cyclic  CMP  or  related  systems  in 
ethanol  dependence,  possiblv  through  alterations  resulting  from  chronic  cyclic 
CMP  depletion 

(\  I-  I  HANOI  AM)  (A(  IK  Nl  (I.KOI  1DKS  IN  TIIF  STOMACH 

I  thanol  is  known  to  stimulate  gastric  acid  secretion  in  a  number  of  species, 
including  man  The  response  obtained  is  similar  to  that  elicited  In 
histamine.'*”  but  subsequent  woik  ruled  out  a  role  of  histamine  in  the  effect  of 
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ethanol  """  Cyclic  AMP  has  been  implicated  as  a  mediatoi  in  acid 
secretion.  aiul  in  addition  the  gastnc  mucosa  contains  a  cyclic  AMP  -depen 
dent  piotem  kinase  which  mat  Iv  involved  in  liunslivalion  ot  ions  ""  l  lieietoie. 
it  is  possible  that  changes  in  cvclic  AMP  metabolism  max  he  related  to  the  ability 
of  ethanol  to  alter  acid  secietion 

l  he  possible  lelationship  between  the  eflect  ot  ethanol  on  gastric  acid 
secretion  and  cvclic  AMP  metabolism  has  been  evpkned  in  several  s|vecies. 
including  man  In  the  tat.  local  application  ot  ethanol  on  the  gastric  mucosa  in 
concent!  at  ions  o  t  I  IO  .  reduced  acid  secretion  in  a  conccntiation  de|x*ndcnl 
manner  from  to  to  ItHf  •  and  decreased  cvclic  AMP  levels  lip  tv’  5tll  .  In  the 
dog.  elhanol  has  a  biphastc  effect  on  acid  secretion.  In  concentrations  K'lovv  2tV  . 
ethanol  stimulates  secietion.  while  at  concentiations  alxive  2W  <  it  depresses 
secretion  '  hthanol  also  everts  the  same  biphasic  eflect  on  mucosal  cvclic  AMI’ 
levels  M  In  man.  ethanol  concentiations  that  stimulate  acid  secretion  are  accom 
pan icd  hi  mcieases  m  mucosal  cvclic  AMP  levels.  It  would  appear,  then,  that 
alterations  m  gastric  acid  secretion  as  allccled  by  ethaiu'l  are  directly  correlated 
with  changes  in  cvclic  AMP  content 

In  determining  the  mechanism  hv  which  ethanol  alters  cvclic  AMP  levels,  a 
tii st  step  is  to  sttulv  the  effect  of  elhanol  on  mucosal  adenylate  cyclase  and 
phosphodiesterase  activities  In  the  rat.  ethanol  inhibits  both  enzymes  in  a 
concentration  dependent  fashion  but  with  different  sensitivities.'"”  for  exam¬ 
ple.  at  about  10' i  ethanol,  phosphodiesterase  activity  is  reduced  bv  50'.  .  but 
adenylate  cvclase  is  nearlv  completely  blocked  In  the  dog  and  man.  ethanol 
stimulates  adenv  late  cyclase  activity  allow  concentrations'  1  ■  but  is  ineffective 
at  high  concentrations  when  cyclic  AMP  levels  and  acid  secretion  are  reduced.'  ' 
As  with  the  rat,  phosphodiesterase  in  the  dog  is  inhibited  these  findings  suggest 
that  ethanol  mav  elevate  acid  secretion  bv  stimulating  adenylate  cyclase,  but 
thev  do  not  explain  how  ethanol  can  depress  secretion  and  cyclic  AMP  levels. 

As  pointed  out  earliei .  assay  s  in  i  in  t  *  are  not  alw  av  s  reliable  m  retlectuig  the 
true  status  in  the  living  animal.  Other  factors  often  contribute  to  the  rate  ot 
s\ nthesis  and  degradation  of  a  compound  Cyclic  AMP  tails  into  this  category  It 
is  well  known  that  cyclic  AMP  levels  m  a  variety  of  tissues  are  alfected  bv  a 
lyuni.xr  of  hi'i  nuiiies.  neuiotransimtters.  and  ions  fthanol  may  induce  altera 
t ions  in  one  of  these  other  tactors. 

One  factor  that  affects  the  content  of  cyclic  AMP  is  the  availability  of  its 
precursor  A  IP  if  adenylate  cvclase  is  not  saturated  Puunnien  .  r  a/  "  perfused 
the  stomach  with  10' .  ethanol  and  measured  acid  secietion  and  cyclic  AMP  and 
All’  levels  in  the  whole  gastnc  mucosa  and  in  the  superficial  mucosa,  where 
most  of  the  acid  secreting  parietal  cells  are  located  After  40  nun.  all  three 
parameters  were  significant  Iv  i  educed  m  the  superficial  mucosa  but  not  m  the 
whole  mucosa.  When  perfusion  was  discontinued,  acid  secretion  and  cyclic 
AMP  and  ATP  returned  to  control  levels  in  about  h0  min.  Since  no  additional 
cyclic  AMP  was  detected  in  the  gastric  perfusate,  the  reduced  cyclic  AMP  m  the 
superficial  mucosa  cannot  lx1  explained  bv  leakage  ol  cyclic  AMP  front  the 
mucosal  cells  A  reduction  of  mucosal  A  I  P  levels  has  also  been  observed  in  the 
dog  alter  ethanol  perfusion 
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Prostaglandins  interact  with  cyclic  AMP  metabolism'71' 7  '  and  inhibit  gastric 
acid  secretion  '  In  an  attempt  to  determine  if  prostaglandins  might  pla>  a  role 
m  ethanol's  depressant  effect  on  acid  secretion  in  the  rat.  Karppanen  and 
Puurunen"“"  pretreated  their  animals  w  ith  indomethacin.  an  inhibitor  of  prosta¬ 
glandin  synthesis ,‘MI  They  found  that  the  ability  of  ethanol  to  depress  acid 
secretion  was  antagonized,  suggesting  that  an  increase  in  prostaglandin  synthesis 
may  mediate,  in  part,  this  effect  of  ethanol.  However,  they  did  not  measure 
cyclic  AMP  levels,  so  conclusions  on  an  interaction  of  prostaglandins  and  cyclic 
AMP  in  this  system  cannot  be  made,  although  cyclic  AMP  levels  have  been 
reported  to  be  elevated  in  rat  fundic  muscle  after  intraperitoneal  injection  of 
prostaglandin  I-,.''-'  Also,  it  is  unfortunate  that  these  experiments  were  not  done 
in  dogs,  w  here  the  mechanism  of  the  inhibition  of  acid  secretion  at  high  ethanol 
concentrations  is  less  clear. 

In  summary,  the  effects  of  ethanol  on  gastric  acid  secretion  are  accompanied 
by  changes  in  superficial  mucosal  cyclic  AMP  levels.  These  changes  reflect,  in 
part,  alterations  in  the  activities  of  adenylate  cyclase  and  phosphodiesterase.  It  is 
not  clear  how  ethanol  exerts  its  effect,  but  considering  the  high  ethanol  concen¬ 
trations  used,  partial  denaturation  or  structural  alterations  of  the  enzymes  are 
possible.  Also,  part  of  the  reduction  in  acid  secretion  that  can  be  induced  by 
ethanol  in  some  species  might  be  mediated  through  a  reduction  in  ATP  levels  or 
an  increased  sy  nthesis  and  release  of  prostaglandins.  It  would  be  interesting  to 
determine  whether  ethanol  actually  stimulates  prostaglandin  release  and  w  hether 
it  is  more  effective  in  species  where  ethanol  has  a  pronounced  inhibitory  effect  — 
for  example,  in  the  rat.  At  this  stage,  no  cause-and-effect  relationship  has  been 
established  between  the  ethanol-induced  reduction  of  acid  secretion  and  prosta¬ 
glandins.  Further  research  will  be  required  to  clarify  this  point. 

Under  normal  circumstances  where  systemic  effects  of  ethanol  are  consid¬ 
ered.  the  high  concentrations  of  l— 5CKT  used  in  the  experiments  w  ith  the  stomach 
are  far  in  excess  of  what  would  be  compatible  with  life.  However,  we  are  dealing 
with  localized  actions  of  ethanol  under  conditions  similar  to  normal  drinking  of 
alcoholic  beverages.  Taking  into  account  the  damage  to  the  stomach  known  to 
result  from  high  concentrations  of  ethanol."7-'  the  preceding  discussion  further 
emphasizes  the  need  for  caution  in  drinking  beverages  with  a  high  alcoholic 
content. 


I).  ETHANOL  AM)  CYCLIC  NUC  LEOTIDES  IN  OTHER  TISSUES 

I.  Liver 

Compared  to  the  central  nervous  system  and  the  stomach,  very  little 
research  has  been  done  on  the  possible  involvement  of  cyclic  nucleotides  in  the 
actions  of  ethanol  on  other  organs.  A  few  reports  exist  but  generally  are  not 
enlightening  as  to  their  possible  significance. 

Ethanol  has  been  reported  to  induce  alterations  in  cyclic  AMP  metabolism 
in  the  liver.  Short-chain  aliphatic  alcohols  stimulate  glucagon-responsive  adenyl- 


ate  cyclase  "  The  potency  increases  with  each  additional  carbon  in  the  chain. 
However.  no  differences  in  potency  are  observed  among  priin.uv.  secondary, 
and  tcrtiarv  butanols  I  he  enhanced  activity  of  adeny  late  cyclase  b\  ethanol  is 
not  apparent  until  the  concentrations  are  at  least  2‘  .  .  with  the  ma\imum  effect 
reached  at  5‘  .  ethanol  1  hese  alcohols,  also,  stimulate  adeny  late  cyclase  in  >  nr,i 
in  other  tissues,  including  kidnev.  intestine,  fat.  and  brain  '  In  these  studies 
only  unphv siologically  high  concentrations  could  elicit  the  response 

Because  of  the  peripheral  adrenergic  hyperactivity  observed  after  chronic 
ethanol  administration.  french  <•/  ,il  "  explored  the  possibility  that  simihu 
treatment  might  altet  the  sensitivity  of  the  cyclic  AMP  s>stem  to  norepinephrine 
in  the  liver  I  hex  found  that  after  IN  weeks  of  ethanol  ingestion,  the  FI)*,  for 
norepinephrine  stimulation  had  increased  sixfold  in  lixei  homogenate  particulate 
fractions,  indicating  the  development  of  adrenergic  subsensitivitx .  Phis  altered 
sensitivitv  returned  to  control  values  i  days  after  withdrawal,  unlike  that 
observed  in  brain.'"'  However,  if  the  measurements  were  made  in  liver  mito¬ 
chondria.  an  increased  sensitivitv  was  seen.1'’"  Finally,  the  effects  of  chronic 
ethanol  treatment  appear  to  be  mediated  through  0-receptors.  since  ^-adrenergic 
antagonists  block  the  ability  of  norepinephrine  to  stimulate  cyclic  \MP  accumu¬ 
lation,  with  iii>  effect  by  u  adrenergic  antagonists.  ' 

2.  Skin 

One  study  has  appeared  study  mg  the  effect  of  short  chain  alcohols  on  cyclic 
AMP  in  the  skin  Yoshikavva  <r  <1  I.'**'  reported  that  cyclic  AMP  levels  are 
increased  up  to  2.5-fold  in  a  concentration-dependent  manner  in  epidermal  slices 
incubated  in  1  5r<  ethanol.  Similar  results  were  found  with  I  propanol  and 
acetone,  but  not  with  methanol  and  I -butanol.  1  his  effect  appeals  to  lx-  related  to 
an  activation  of  epidermal  adenylate  cyclase.  As  vet.  no  physiological  signifi¬ 
cance  can  be  attributed  to  these  findings. 

K.  Sl  MMAKf  AM)  t  OM  I  l  SIONS 

It  is  now  clear  that  acute  and  chronic  treatment  with  ethanol  exerts  a 
number  of  effects  on  the  cyclic  nucleotides  in  several  organ  systems.  In  the 
brain,  tor  instance,  ethanol  intoxication  results  m  lower  levels  of  cyclic  nucleo¬ 
tides.  especially  cyclic  GMP.  However,  after  chronic  administration  of  ethanol, 
indicators  of  cyclic  nucleotide  function  are  elevated  These  changes  appear  to 
reflect  changes  m  the  activity  of  the  nervous  system.  During  intoxication,  the 
brain  is  depressed,  whereas  during  ethanol  withdrawal  syndrome,  hyperactivity 
can  lx-  observed.  It  i'  vet  to  be  determined  w  hether  changes  in  cyclic- nucleotide- 
mediated  systems  are  responsible  for  intoxication,  dependence,  or  other  biolog¬ 
ical  alterations  for  which  they  have  been  implicated  after  ethanol  consumption. 
At  tin-  present  stale  of  research,  changes  in  cyclic  nucleotides  can  be  shown  to 
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lx*  concomitants  ot  certain  effects  of  ethanol  Howevei .  no  one  has  been  able  to 
demonstrate  that  these  changes  m  themselves  can  explain  ethanol  induced 
behavioral  abnormalities  In  tact,  because  of  the  effect  ethanol  has  on  neuio 
transmitters  and  then  relationship  tocvchc  nucleotides,  it  is  possible  that  altei 
ations  in  cvclic  nucleotides  are  secondarv  to  some  othei  response  of  ethanol 
I  he  exact  role  ot  cvclic  nucleotides  in  the  actions  ot  ethanol  and  its  poiential 
significance  will  leijmie  tint  he  i  rcseaich 
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